Previously known to form only under high pressure synthetic conditions, here we report that the T'-type 214-structure cuprate based on the rare earth atom Tb is stabilized for ambient pressure 
Introduction
The R 2 CuO 4 ("214") rare earth (R) cuprates have been of interest due to their remarkable properties. 1, 2 Long-range magnetic ordering of the rare earth moments has been observed for a variety of these materials, including R = Gd, Tb, Dy, Ho, Er, and Tm. [3] [4] [5] Most importantly, with the appropriate partial substitutions, R 2 CuO 4 compounds with R = La, Pr, Nd, and Sm become nor p-type high T C superconductors. 6,7 R 2 CuO 4 compounds based on the rare earths smaller than
Gd have previously been synthesized only at high pressures, with at least 8 GPa applied pressure required to form 214 cuprates for R = Tb, Dy, Ho, and Er; no R 2 CuO 4 -formula compounds are known to be stable at ambient pressure for the small rare earths. 6, 8, 9 The materials display a rich evolution of structure based on the size of the rare earth ion. The structures range from the socalled T-type structure of La 2 CuO 4 , in which the Cu is in distorted octahedral coordination, through the T*-type structure typified by Nd 2-x-z Ce x Sr z CuO 4 in which the Cu is in pyramidal coordination, through the T' structure displayed by Nd 2 CuO 4 in which the Cu is in square planar coordination.
The T'-type 214 structure, which is of interest here, is most often reported as body centered tetragonal, with a 0 ~ 3.9 Å and c 0 ~ 11.0 Å, although there are reports of orthorhombic symmetry for T'-type Gd 2 CuO 4 in a side-centered space group with a'~b'~√2×a 0 , and c'~c 0 . 10, 11 Three supercells have been reported for the T' structure, with the most common (A) supercell having cell parameters of 2√2a 0 × √2a 0 × c 0 . 9 The current study is based on the hypothesis that some of the rare-earth-based 214 cuprates previously formed only at high pressures might form at ambient pressure through a partial substitution of Pd 2+ for some of the Cu 2+ present. Pd 2+ is a potential stabilizing ion because its strong Jahn-Teller (4d 8 ) character causes it to strongly prefer square planar coordination with oxygen, a characteristic of Cu in the T' structure.
Consistent with this hypothesis, here we report the synthesis and characterization of the Tb-based T' 214 phase stabilized for preparation at ambient pressure via 20% Pd substitution for Cu. This phase could not be prepared at ambient pressure with no Pd present. Variability of a few percent in the Cu to Pd ratio may be allowed in the phase, but we did not study that in detail in the current work. We were able to prepare the compound most cleanly as a bulk material for mixtures that are 2% Tb deficient, but the refined Tb content of the 214 phase is stoichiometric, as is the oxygen content. Our Rietveld refinement of ambient temperature synchrotron powder X-ray diffraction data identified the phase to form in the orthorhombic Pbca space group, with cell parameters a'~b'~√2×a 0 , and c'~c 0 . An incommensurate superstructure reflecting the presence of a structural modulation of approximately twice the a axis was seen in ambient temperature electron diffraction measurements. The magnetic data is generally similar to that of other T' structure cuprates.
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Experiment
The samples were synthesized using the starting materials The purity and structures of the samples were examined at room temperature by laboratory powder X-ray diffraction (pXRD) using a Bruker D8 Advance Eco diffractometer (Cu Kα radiation, λ = 1.5406 Å) with a LynxEye-XE detector. A Quantum Design Physical Property Measurement System (PPMS) Dynacool equipped with a vibrating sample magnetometer (VSM) option was used to measure temperature-dependent (1.7-300 K, H = 1000 Oe and 50 Oe) and field-dependent (μ 0 H = 0 to 9 T at 3, 50, and 200 K) magnetization. Susceptibility is defined as M/H. The powder sample was packed into a plastic sample holder and loaded onto a brass sample rod for the susceptibility measurements. The PPMS was also used for temperaturedependent (250-300 K) four probe resistivity measurements with a constant current of 0.050 mA.
A pellet of the sample was pressed at 1 metric ton/0.317 cm 2 area using a pellet die and a hydraulic press, and densified at the synthesis condition. The pellet was then cut into rectangles and Pt wires were attached using silver paint. The carrier type was determined at room temperature by a hot-probe Seebeck coefficient test. In this test, the positive and negative terminals of an ammeter were attached to opposite sides of a pellet and a preheated soldering iron was touched to the pellet near the negative terminal. To measure the oxygen content, a SDT Q600 DSC/TGA was used on a powder sample heated at 0.25 C per minute in a flowing 10%H 2 90%Ar gas mixture. Synchrotron X-ray diffraction data was taken on a powder sample at the Advanced Photon Source (APS) on beamline 11-BM with a wavelength λ = 0.412667 Å at 295 K. To determine the atomic structural parameters, a Rietveld refinement of the synchrotron data was performed using the FULLPROF diffraction suite with Thompson-Cox-Hastings pseudo- 
Results and Discussion
Representative room temperature laboratory powder X-ray diffraction (pXRD) data, employed to identify and then determine the approximate formula of the new T' material, are shown in When Pd is substituted at a higher ratio, x = 0.20, the new phase becomes dominant with minimal Tb 11 O 20 impurity (peak at 29.1°, indicated by the black triangle (Fig. 1c) ). However, increasing the Pd substitution to x = 0.35 ( Fig. 1d ) results in increasing the fraction of impurity.
Thus the Tb-based 214 phase, previously reported as only forming at high pressures, is formed at ambient pressure when stabilized by partial Pd-substitution for Cu, consistent with our initial hypothesis. Fig. 3 . With y = 2 ( Fig. 3a) , some Tb 11 O 20 impurity is present, evidenced by the diffraction peak at 29.1° (indicated by the black triangle). When the Tb content was decreased from y = 2 to 1.96 (Fig. 3b) , this impurity peak decreased. However, when the Tb content was further reduced to y = 1.92 (Fig. 3c) , the impurity peak reappeared. Thus, the optimum nominal composition needed to synthesize the purest bulk sample of the Tb-based T' phase was determined to be Tb 1.96 Cu 0.8 Pd 0.2 O 4 . We are aware that this is a small deviation from the ideal rare earth stoichiometry, but to the best of our experimental ability this represents the best nominal composition for preparing a bulk sample of the T'-type 214 phase in this system under our conditions. We note that rare earth deficiency has been reported for the Nd-based 214 cuprate. 12 Our synchrotron-diffraction-based crystal structure refinements, described below, found the actual formula of the T' phase to be Tb 2 Cu 0.83 Pd 0.17 O 4 so we employ that composition to describe the compound in the remainder of this report. To more qualitatively describe the structure of the Pd stabilized T'-structure Tb cuprate, highresolution-high-intensity synchrotron diffraction data for Tb 2 Cu 0.83 Pd 0.17 O 4 was fit using
Rietveld structure refinements (Fig. 5) . The symmetry of the material is not tetragonal, evidenced by the peak splitting of some of the normally single reflections for a tetragonal symmetry structure (inset of Fig. 5 ). Moreover, although the tetragonal (200) peak does not split, the tetragonal (220) peak does (Fig. 5 inset) , indicating a 45° rotation of axes such that a' and b' ~ √2×a 0 but are not equal to each other, identifying the structure as orthorhombic. When the high symmetry orthorhombic space group Fmmm (No. 69) was initially used to model the structure, based on transforming the positions in the tetragonal T' cell into the larger, rotated orthorhombic cell, a reasonable fit to the pXRD data was obtained, but the atom positions do not differ from those allowed in I4/mmm and thus did not provide an atom-level justification for the orthorhombic structure. Due to the report of rotations of the CuO 4 squares in the Gd-based 214 cuprate, refinements using space group Cmce (No. 64) were also run, generating a better fit than The crystal structure based on the results of the Pbca refinement (Fig. 6) shows the presence of a very small dimensional distortion of the Cu/Pd-O 4 squares, with bond lengths of 1.95(1) and 2.00(1) Å. Further, there is a small but significant puckering of the squares. The primary feature of interest is the rotation of the Cu/Pd-O 4 squares. This kind of rotation is ubiquitous in perovskites, and in the current material is due to the size mismatch between the Tb-O and Cu/Pd-O polyhedra. Very small peaks, less than 1% of the primary peak intensity, are present in some regions of the synchrotron powder diffraction pattern; they do not correspond to any known phases in this chemical system, and were not indexed by an orthorhombic space group with no systematic absences or by hypothesizing the presence of an (A) type supercell. We tentatively attribute them to the incommensurate superlattice observed by high resolution transmission electron microscopy (see below), to which we also tentatively attribute the origin of the anomalous thermal displacement parameters for the oxygen atoms in the final structural model. 7. Fig. 7a shows the electron diffraction pattern from a particle oriented along the [101] zone axis.
This orientation was found to be the most frequent for the particles in the TEM samples and the results presented in Fig. 7 compounds. 9 The corresponding real-space image is shown in Fig. 7b . This image was obtained from a thick area of the particle because it was observed that the superstructure is electron-beam sensitive in thin sample areas while stable in thick areas, which seems to be similar to the observations reported in other R 2 CuO 4 compounds. Our temperature-dependent magnetic susceptibility data are shown in the main panel of Fig. 8 for , where k B is the Boltzmann constant. E a was calculated to be 0.43 eV from the slope of the log ρ vs. 1/T plot (Fig. 9) . The Seebeck coefficient hot probe test characterized the sample as being n-type.
Conclusion
We have shown that the T' type Tb-based 214 cuprate can be synthesized at atmospheric pressure by substituting 20% of the Cu with Pd, consistent with our hypothesis that Pd 2+ should be a stabilizing ion for the T' structure type. To the best of our precision, the optimal nominal composition needed to prepare the best bulk material under our conditions is Tb 1.96 observed by electron diffraction and imaging, but its detailed interpretation is beyond the scope of the current study. Temperature-dependent magnetic susceptibility measurements show that antiferromagnetic ordering occurs at 7.9 K, which we speculate arises from an ordering of the Tb moments; the origin of the feature in the magnetic susceptibility at 95 K appears to be canted antiferromagnetic ordering of the Cu moments. Resistivity and Seebeck measurements indicate that the sample is an n-type semiconductor. Although our hypothesis that Pd substitution for Cu should stabilize R 2 CuO 4 T' type 214 structures turned out to be correct for R = Tb, which is directly at the border between high pressure and ambient pressure synthetic stability, we did not find stabilization by partial Pd/Cu substitution to be generally applicable for rare earths smaller than Tb.
